Abstract: Ambient and cryogenic surface mechanical attrition treatments (SMAT) are applied to bcc iron plate. Both processes result in significant surface grain refinement down to the ultrafine-grained regime; the cryogenic treatment results in a 45% greater grain size reduction. However, the refined region is shallower in the cryogenic SMAT process. The tensile ductility of the grain size gradient remains low (<10%), in line with the expected behavior of the refined surface grains. Good tensile ductility in a grain size gradient requires the continuation of the gradient into an undeformed region.
Introduction
Numerous reports now exist indicating an order of magnitude increase in strength is possible in metals and alloys that exhibit grain sizes approaching the lower limit of nanocrystallinity. While achieving high strength has never been a problem, the ability to achieve any amount of uniform elongation (the prerequisite for appreciable ductility) has been a challenge. However, several methods have recently been developed to mitigate this strength-ductility tradeoff through the engineering of multi-length scale structures
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including bimodal grain size distributions [1, 2] , nanoscale twins [3, 4] , and grain size gradients [5] . Specifically, gradient microstructures generated through surface mechanical attrition treatments or SMAT have additional benefits over other hierarchical microstructures from a surface science/tribological standpoint by concentrating the nanocrystalline properties in the surface region. For instance, nanostructured surface layers have shown improved corrosion resistance [6] [7] [8] [9] , wear [10, 11] and fatigue [12] [13] [14] , and irradiation resistance [15] .
Current SMAT techniques have shown to be very efficient methods for producing grain size gradients, inducing substantial surface grain refinement and varying depths and grades of grain refinement. It has been shown that differences in processing methods can greatly affect both the overall structures (e.g., depth of refined region and "slope" of the grain size gradient) and the individual microstructures (e.g., surface grain size [16] , deformation artifacts within grain size regions [16, 17] ). It was noted by Tao et al. [17] in their work introducing SMAT that finer grains would be expected with plastic deformation at lower temperatures. Indeed, Darling et al. provided the first evidence in a brief report for this effect through a cryogenic SMAT process on copper [16] . The percent reduction in grain size (60%) due to cryogenic processing is in good agreement with the empirical correlation between the resulting grain size and the Zener-Holloman parameter (combined metric of strain rate and deformation temperature) [18] . In a magnesium alloy, a different surface treatment method resulted in a 63% decrease in grain size for cryogenic burnishing versus ambient [19] .
As compared to copper, bcc iron would be expected to have a lesser reduction in grain size based on this empirical parameter in addition to the differences in plastic deformation behavior; nanocrystalline/ultrafine-grained iron exhibits essentially no strain hardening [20, 21] and an inverse relationship with strain rate sensitivity as compared to fcc materials [21] -especially important as the strain rates involved in the SMAT process are relatively high (~10 2 ). The cryogenic SMAT process will also take the iron well below its ductile to brittle transition temperature. In this work, we look at the effects of cryogenic and ambient SMAT processing on the microstructure and mechanical properties of iron.
Experimental Section
The SMAT process was applied to 0.6 cm thick discs 6.35 cm in diameter cut from a rod of ARMCO iron (Goodfellow, Huntington, UK; purity > 99.85%Fe). Details of both the cryogenic and ambient SMAT processes can be found in [16] . Briefly, the material to be treated is fitted onto one end of the vial in a mechanical alloying mill (SPEX, Company, Metuchen, NJ, USA); the milling media within the vial, in this case 50 g of stainless steel shot, continually impacts the surface at high rate and variable direction during the SMAT process. For the cryogenic SMAT process, the milling vial is enclosed by a Teflon sleeve through which liquid nitrogen is continuously flowing throughout the treatment. The iron plates were polished to a mirror finish before treatment. The SMAT process was performed for one hour for both the ambient and cryogenic treatments.
Following the SMAT processes, the plates were sectioned and polished by a series of steps down to 1 μm alumina. The microstructural analysis was performed using an FEI Nova 600i dual beam (FEI, Hillsboro, OR, USA) Focused Ion Beam (FIB) system. Focused ion beam channeling contrast images (FIBCCI) are obtained using backscattered electrons produced by the ion beam as it rasters across the sample surface. The FIBCCI contrast mechanism is due to changes in the grain orientations that cause variations in ion channeling efficiency, i.e., crystals which are able to channel more effectively due to their orientation produce fewer detectable electrons, so orientations closer to incident ions show up darker, i.e., crystal orientation specific contrast.
Hardness measurements were obtained with a Wilson Hardness Tukon 1202 (Buehler, Lake Bluff, IL, USA) using a load of 50 g load with 10 s dwell time with three measurements at each depth. Tensile test dogbones were cut from the SMAT plates with a MicroProtoSystems DSLS 3000 micromill (MicroProtoSystems, Chandler, AZ, USA) with the approximate gauge dimensions: 5 mm length, 1 mm width, and thickness of ~350 µm. The tensile tests were performed on a custom miniature tensile test apparatus which utilizes digital image correlation to track the sample extension. Three tensile tests for each sample were performed at a load rate of 2 μm/s with a 125 lb load cell. 
Results and Discussion

Microstructure
The FIBCCI contrast micrograph ( Figure 1A ) reveals the initial grain size of the iron plate to be 50-100 μm. After the SMAT treatment at ambient temperature ( Figure 1C ), the plate exhibited submicron grains up to ~200 μm deep into the sample, with plastic deformation artifacts continuing up to about 700 μm. The average surface grain size (measured within the top 5 μm of the plate) was 650 nm. In contrast, the average surface grain size for the cryogenic SMAT treatment of the same duration was 350 nm ( Figure 1C ). As in the case of cryogenic SMAT copper, which showed a 60% reduction in grain size with respect to the ambient [16] , the cryogenic SMAT iron followed the same trend of higher grain refinement than the ambient SMAT treatment, but to a lesser extent. The reduction of grain size by only ~45% in the iron follows literature trends for microstructural refinement as described by the strain/temperature pairing through the Zener-Holloman parameter [18, 22] . Iron has higher activation energy for deformation than copper, generally taken in pure metals as similar to the activation energy for self-diffusion; therefore, the grain refinement is less receptive to changes in temperature. In addition to the differences in surface grain size, the grain size gradient in the cryogenic SMAT iron is significantly sharper, exhibiting only a ~50 μm region of submicron grains and ~300 μm region of plastic deformation. The surface of the cryogenic SMAT iron also shows some surface cracks, as can be seen in the far upper right of Figure 1B. 
Mechanical Properties
The microhardness as a function of depth into the plate is shown in Figure 2 . The cryogenic SMAT sample had a higher surface hardness of 2.6 GPa compared to the ambient SMAT plate of 2.4 GPa, in line with predictions from the Hall-Petch relationship for iron [23] . The hardness of the cryogenic SMAT plate reduces more rapidly than in the ambient SMAT plate-dropping from 2.6 GPa to 2 GPa within the first 50 μm and then to ~1.7 GPa within the first 100 μm, mirroring the steepness of the gradient compared to the ambient cross sections. However, after the first ~100 μm, there is no significant difference in the hardness-as the grain size increases out of the ultrafinegrained regime, the variance in hardness with changes in grain size is minimal. Additionally, while the grain size grows rapidly in the cryogenic SMAT plate, the larger grains still contain a significant amount of deformation artifacts such as dislocation walls and tangles [17, 24, 25] , as can be seen in the changing contrast in the channeling images. These microstructural features, internal to the grain boundaries, can also contribute to the observed hardness of the material. The yield strengths of the cryogenic and ambient SMAT iron samples were 345 and 385 MPa respectively, significantly higher than that of the untreated iron plate (~150 MPa), as seen in Figure 3 . While the higher surface grain refinement in the cryogenic SMAT gradient led to a higher surface hardness commensurate with Hall-Petch behavior (Figure 2 ), the opposite relationship is observed in the tensile tests, with the ambient SMAT iron exhibiting a higher yield strength. The gradient structure in the cryogenic SMAT plate only exhibited significant grain refinement to a depth of about 50 μm, comprising about 14% of the tensile dogbone thickness. The ambient SMAT gradient penetrated much deeper into the plate, encompassing closer to 60% of the thickness of the tensile specimen. A greater volume fraction of the tensile specimen is then comprised of ultrafine grains in the ambient SMAT iron, resulting in a higher overall yield strength. A similar result was observed in tensile specimens composed of a gradient twin layers, wherein the depth of the gradient into the dogbone sample was found to correspond to the strength according to a rule of mixtures [26] . An additional contribution to the poor mechanical behavior in the cryogenic SMAT iron may be due to the difference in surface condition between the two processes. As can be seen in Figure 1B , the surface of the cryogenic SMAT plate can exhibit small cracks than are attributed to the expected brittle (versus ductile) behavior at the greatly reduced processing temperature.
Both the cryogenic and ambient SMAT iron displayed very little uniform elongation before exhibiting significant strain softening in contrast to the strain hardening behavior of the initial iron plate (Figure 3) . Nanocrystalline bcc iron usually exhibits brittle fracture in tension, while strain softening is observed in ultrafinegrained iron [20, 27, 28] in grain sizes as large as 4 μm [29] . A stress drop (e.g., the amount of softening) of ~400 MPa from yield to failure has been observed in homogenous ultrafinegrained iron samples of similar grain size to that of the surface grains in this work [20, [28] [29] [30] . The total elongation is also in line with homogenous ultrafinegrained iron produced through ECAP [20, 28, 30] while the overall strength is lower due to the increasing grain size of the gradient out of the ultrafinegrained regime. In contrast to this observed strain softening behavior, it was reported in [25] that a grain size gradient structure in steel exhibited extraordinary strain hardening; additionally, a grain size gradient in copper displayed significant strain hardening and tensile elongation as well [5] . To examine these differences, we first look at the two literature reports of significant strain hardening in grain size gradients. In contrast to iron, nanocrystalline and ultrafine-grain copper can display some strain hardening behavior [31] . Additionally, in the case of the grain size gradient in [5] , the significant plastic deformation is found to be dominated by mechanically driven grain growth throughout the grain size gradient during loading.
The strain hardening behavior in the steel grain size gradient was not found to be a result of mechanical grain growth [25] ; the varying regions of the gradient structure were tested separately and together to reveal a synergistic effect between the gradient region and the undeformed core material. When the gradient structure was isolated (e.g., the top 120 μm of the sample was tested separately), it did not exhibit strain hardening behavior, rather strain softening, with a yield drop of almost 100 MPa and elongation of <10%. Significant strain hardening was observed only when the tensile sample thickness included both the gradient layer and a considerable fraction of the undeformed steel; the gradient layer represented about 12% of the tensile sample thickness [25] . Additionally, the hardening behavior was measured as a function of depth through hardness measurements that were performed after the tensile test. Hardening was only exhibited towards the back end of the gradient structure (as the gradient transition to the undeformed core), where the grain size was much greater than 1 μm.
In this work on grain size gradient iron, the thickness of the tensile test samples was ~350 μm which encompasses only the refined grain size gradient and heavily deformed regions, and none of the pristine non-deformed coarse-grained core. The low tensile ductility is therefore a result of this truncation of the gradient before reaching the undeformed core, the tensile behavior of both the cryogenic and ambient SMAT processed iron is in line with that of the stand-alone steel gradient layer in [25] which exhibited low elongation and a lack of strain hardening. Standalone tests of the gradient surface layer in copper were also consistent with this mechanical behavior [5, 32] .
While still exhibiting good ductility, the grain size gradient in Cu-Zn [33] does not improve upon the strength-ductility tradeoff in homogenous grain size materials as significantly as the copper [5] and steel [25] gradients. The grain refinement in the Cu-Zn study is not quantified, but most of the grain sizes in the gradient appear to be much larger than 1 μm; additionally, the hardness measurements indicate that the entire thickness of the tensile samples (600 μm) has been plastically deformed, preventing the unusual elongation and hardening behavior accessed by the studies including the undeformed core [5, 25] .
The standard strength-ductility tradeoff associated with grain refinement is shown in Figure 4 -a typical boundary region is shown with the dashed curve drawn through data points for homogeneous grain structures of the same material as the gradient structures: pure iron [34] (gray circles), pure copper [31, [35] [36] [37] [38] [39] [40] (gray diamonds), steel [25] (gray triangles), and Cu-Zn alloys [33] (gray squares). These points are data from bulk samples of various homogeneous grain sizes and processing methods for comparison with the gradient grain structures of the sample material. The strength and elongation of the existing data for grain size gradient structures -this work in iron (magenta circles), Cu-Zn alloys (red squares), steel (black triangle), and copper (orange diamond) are plotted with respect to the bulk literature data. Only the gradient structures that include a significant fraction of non-deformed grains in the tensile specimen (copper [5] and steel [25] ) are significantly off the tradeoff curve for their pure homogenous counterparts. This further supports the work of [25] , which describes the unusual synergistic effect of the deformed gradient layer and the coarse-grained core. The typical strain softening behavior in bcc iron and the lack of an undeformed core section in the tensile specimens in this work explain the relatively poor position on the frontier of the strength-ductility tradeoff for the cryogenic and ambient SMAT iron, as compared to the other three gradient systems.
Figure 4.
Tensile data existing for gradient grain structures are depicted for the iron SMAT in this work (magenta circles), Cu-Zn alloys [33] (red squares), copper [5] (orange diamond); steel [25] (black triangle). Literature values for bulk structures in the same materials are shown in gray (iron: gray circles [34] , steel: grey triangles [25] and references therein, Cu-Zn alloys: grey squares [33] and references therein, copper: gray diamonds [31, [35] [36] [37] [38] [39] [40] ). The strength ductility tradeoff is illustrated by the dotted line. The surface strength for each gradient structure is depicted with an open symbol of the same color and at the same elongation point, connected by a gradient arrow.
The surface strength of the grain size gradient structures is also plotted in Figure 4 , at the sample elongation as the gradient material and marked with an open symbol of the same color. The surface yield strength shown is calculated from surface hardness measurements (yield ~ H/3) for the iron in this work, the Cu-Zn example, and the steel example; the surface yield strength for the pure copper example was from a tensile test of a free standing foil cut from the surface. In the work on steel [25] , strength measurements reported from tensile tests performed with a foil cut from the surface layer and the hardness tests were congruent. While the overall strength and ductility of the gradient structure may not be a significant improvement on a bulk sample of a similar grain size, the surface strength is consistently a marked improvement over a homogenous grain size structure at the same elongation. This difference highlights an engineering advantage of grain size gradient materials, in that the surface of a grain size gradient structure can be as much as eight times harder than a homogenous grain size part of similar ductility.
Conclusions
The application of surface mechanical attrition treatment at both ambient and cryogenic temperatures to bcc iron plate resulted in significant surface grain refinement and resulted in a grain size gradient. The cryogenic SMAT produced a 45% greater grain size reduction as compared to the ambient SMAT, but a shallower depth of grain refinement. Consequently, the surface hardness was higher for the cryogenic SMAT, but the tensile strength and ductility was lower, due to the lower volume fraction of ultrafine-grains. Strain softening is observed, in line with iron with homogenous grain sizes in the ultrafine-grain regime. The tensile elongation of both grain size gradients remains low (<10%), in contrast to the extraordinary strain hardening observed in grain size gradient work in steel [25] , due to the lack of undeformed core region in the tensile samples. Moving forward, the relationship between the volume fraction of gradient grains/deformed region and ductility should be explored in order to successfully exploit the benefits of nanocrystalline surface layers while maintaining ductility in the larger part.
